Is it possible to support the engineering processes with intelligent product models when the knowledge and information work is v ery complex? This paper describes how IT-supported product configuration can support the complex engineering activities carried out in the quotation processes. The research has been carried out at the Centre for Industrialisation of Engineering at the Technical University of Denmark in co-operation with F.L. Smidth, a Danish cement plant manufacturer with a world-wide leading position. The redesign of the quotation process lasted 3 years, but as the paper illustrates, remarkable results have been accomplished. The lead-time for making tenders was reduced from weeks to days. A better quality of quotes was obtained and the consumption of resources reduced to 4 %.
Introduction
Globalisation and the rapid development within information and communication technology (ICT) have changed the way of doing business. Increased competition and demands from customers stimulates businesses to become more efficient. Many mass-producing companies are changing their basic product designs and business processes to serve the market with personalised products and services. There has been a trend among many mass producers towards mass customization, as described by Pine (1993) and others.
However, not all companies moving towards mass customization are coming from the traditional field of mass production. The business-to-business based machine and construction industry is characterised by highly individualised products and services that are indeed customized. Unfortunately, these products are also characterised by high costs and long lead times. This paper deals with the effort of obtaining advantages from mass customization in engineering industries.
Work preparation of the physical manufacturing processes, as described by Taylor, did hold significant rationalisation potentials in manufacturing companies throughout many years. Mass production was made possible by reaching a high state of work preparation of manufacturing processes -the assembly line is a classic example of this. Choosing the right degree of work preparation in manufacturing is a core decision when designing a new manufacturing facility. The company must be able to sell a high volume of standardised or similar products in order to pay for the huge overheads invested in assets / work preparation. The benefits are better quality, higher productivity and shortened lead-time.
Wherever a high volume of similar activities is performed in business processes, a possible solution is to support the process with fixed "equipment" i.e. ICT, and thereby making the process more efficient. The whole BPR movement in the 1990's was a result of companies redesigning business processes and setting a higher level of work preparation in the business processes. Now the development of ICT has made it possible also to make an effort in the work preparation of more sophisticated engineering activities. At the Technical University of Denmark we use the term "specification process" to describe the activities carried out within the areas of order acquisition and order fulfilment, i.e. activities such as making quotations, BOM's, drawings, routings, etc. .
Knowledge integrated product-and product related models are defined as: "A knowledge base which contains part of or all of the knowledge and information associated with the product in different phases of the product's life cycle, e.g. sales, design, production, assembly, service and reuse", Hvam (2000b) . " Product related models contain knowledge and information about the systems related to the product's life cycle, while the product model contains knowledge and information about the product's structure and functional properties", Krause (1988) .
Intelligent product models can be used to support the activities of the specification process. The principle of using product models to support the specification process is to make the technical knowledge of the engineer explicit to the rest of the organisation. Furthermore knowledge concerning other areas such as calculation of costs, product descriptions and sales are included in product models. Such product models are developed during the development process and are used to support the specification process.
Product models implemented in IT-systems, such as sales configurators, have been widely applied in industry during the last 10 to 15 years for relatively simple products such as the configuration of computers and other electronic equipment. This paper deals with the application of product modelling to support the quotation process for a very complex product, -a cement plant. At F. L. Smidth the quotation process has been undergoing a redesign during the last 3-4 years. In t his period the company has identified, conceptualised, designed and implemented a configurator in the configurator-tool Sales+ (now Invensys CRM). The paper describes the redesign phase.
Procedure for the development of the specification processes
In order to describe the design process used during the project period we have chosen to use the Generalised Enterprise Reference Architecture and Methodology, published by the IFIP-IFAC Task Force (1998). This procedure has been used as the reference methodology in this paper due to its wide acceptance in academia and due to its generic structure, which actually covers the real process very well. The GERA Lifecycle phases describes the general 7 phases that are connected to an enterprise entity.
Design

Preliminary design
Detailed design "Implementation" covers the tasks that must be carried out in order to build or rebuild the entity. "Operation" covers the activities that are needed during the operation of the entity, while "Decommissioning" describes activities needed for the redesign, recycling or disbanding of the entity. The phases of the methodology have been elaborated by several other methodologies.
Process orientation and the use of IT -not to automate an existing process, but to enable a new one, as stated by Hammer (1990) -have been in focus during the redesign. BPR is based on process orientation, customer focus, innovation and radical change. BPR can shortly be described as a tool for identifying processes within the business that adds value seen from a customer's point of view. All activities with no value addition should be eliminated. Malis (2000) and Malhotra (1998) describe the problems that arise when implementing BPR in businesses. The three primary reasons why BPR projects fail are lack of management support, unrealistic expectations and resistance to change. "Identification" is the set of activities that identify the contents of the particular entity under consideration in terms of its boundaries and its relation to its internal and external environments. These activities include the identification of the existence and nature of a need (or need for change) for the particular entity. "Concept" is the set of activities that are needed to develop the concepts of the underlying entity. "Requirements" cover activities needed to develop descriptions of operational requirements of the enterprise entity. The "Design phase" covers activities such as the design of tasks for individual humans and their organisation, machines, ITsystems etc.
The BPR theory has unfortunately some limitations when it comes to setting up concrete guidelines for developing a new process. In order to deal with this important limitation, the application of system theory will be introduced as the second theoretical element. Skinner (1978) made one of the major contributions within the area of the use of "system theory" for the development of business processes. Skinner introduced the term "manufacturing task" as a means for analysing the functional demands to the manufacturing system, and, based on this analysis, a new manufacturing structure that was able to fulfil the actual demands to the manufacturing system was set up.
Based on central concepts in system theory, Skinner created a structured project guideline of which a central part was an identification of the company's manufacturing task. In Denmark this project guideline was applied i n Danish industry through the so-called UPS-project entitled "Developing Manufacturing Systems", UPS-project (1983) . The philosophy from Skinner's task concept, which involves identifying and formulating the specific task that a process must perform before attempting to create the system, has in this project been applied to the specification process through which, with Skinner in mind, it has been called the "specification task".
GERAM has been elaborated through the use of best practices from product configuration projects in Denmark, as described by . This procedure contains other elements such as a Product Family Master Plan for product analysis as presented by Mortensen (1999) , and an object oriented analysis and CRCcards as presented by Hvam (1994) . As stated by Faltings and Freuder (1998) the configurator implemented in the organisation has proven to be a success for the entire business at F.L. Smidth, due to the strategic importance of the sales process. The experiences from applying these methods are described in the next section.
Empirical Study at F.L. Smidth
The potential for using process orientation and reengineering techniques when working with the specification processes was proved by Hvam & Have (1998) . The purpose of this paper is to investigate whether product configuration can be implemented and be advantageous when the specification process is very complex, including the design of cement plants, the making of tenders and price calculations. Employees 4 at F. L. Smidth carried out the empirical work in co-operation with the authors of this article.
The Danish F. L. Smidth Corporation is an international engineering and industrial company that has a market leading position within the area of development and manufacture of cement plants. The company has over 100 years of experience with the development of equipment for the cement industry. With the purchase of the American Fuller Company in 1990 the market share is now 50-60 % worldwide. The turnover was approx. 1 billion USD in 1997. A modern cement plant produces typically 2,000-8,000 tonnes of clinkers per day. The sales price for a typical plant is approx. 100 million USD 5 . The lead-time for a complete green-field plant is approx.
2½ years from signing the contract to start-up. A complete cement plant is customised due to the contents of the local raw material and climatic conditions.
1. Identification
Even though constructing cement plants may be considered as an "old" technology, the company has experienced a lot of turbulence during the last few years. Market conditions have changed to become buyer's market: Competition has increased, demanding shorter delivery times, lower prices and better overall performance. Due to this, the Danish F. L. Smidth bought the American Fuller Company, which was one of the strongest competitors. Though now a market leader, the company faced a heavy decline in sales at the end of the nineties due to the crisis in Asia. The typical plant size has increased significantly due to efforts to make them more efficient. In 1970 the typical mass flow was 3,000 tonnes per day, now it is possible to make plants that produces 10,000 tonnes per day.
Internal work routines within the specification activities of order acquisition and order handling such as sales, plant design and project plans have always been very complex and very time-and resource-consuming. Other problems encountered within these activities have been the co-ordination of people during the process and quality problems due to the continuos reuse of old specifications. The specification process is therefore a corporate entity that has been identified to hold a large potential for increased efficiency due to the possible application of product modelling and information systems. During the last 10 years several IT-concepts have been implemented. The three most significant projects have been: 1) Project databases, 2) Automatic and integrated generation of CAD drawings and 3) Developing standard plants.
None of these projects, however, proved to be able to solve the tasks. Experience showed first of all that artificial intelligence and expert systems were not as evident solutions as one thought. Furthermore integration with different systems has proved to be much more difficult and expensive than predicted.
Due to the problems stated above, the specification process is believed to hold significant potentials for improvement. One part of the specification process is significantly interesting. The quotation process has a very large relative frequency of activities and therefore consumes a lot of resources. During the rough design of a plant a large part of later resources are disposed early, making it important to make the right decisions early. The throughput time of the quotation process is important, since a fast response makes it possible to evaluate more alternatives, and thereby giving the customer more value for the same amount of money. Due to the importance of the sales process, this process was chosen for an analysis of possible concepts.
2. Concept
Experience from prior projects was in fact very typical for the application of IT in business processes. The company made several attempts to automate the existing process with advanced expert systems and CAD development. This proved to be too difficult, partly due to technological problems.
In 1998 F. L. Smidth and The Technical University of Denmark facilitated a master thesis 6 project, focusing on a redesign approach. The concept was to change the basic way in which the process was working. The traditional approach was to make a detailed design of a plant and then calculate the cost price, project schedules and other costs. This approach was very time-and resource-consuming, but also the only way to get the sufficient information from all departments needed to make a qualified quote.
Earlier, having faith in expert systems, it may have seemed natural to automate the entire process as it was. Automation, however, was not the only answer to the problems. Process redesign was needed before IT could be applied. The basic concept proposed by the project team was to use a relatively simple logic-based configurator to support an early customer dialogue during which a rough design of a cement plant could be made.
The new process would improve the dialogue with customers in the early phases when changes of requirements are bound to happen. With the new concept it would be easier to generate cheap budget quotes instead of expensive detailed quotes. The sales process should be changed as shown on fig. 4 . One of the important aspects of the concept was to keep everything simple. All relevant and important facts were designed, while all the less important details were left out so that the development and maintenance of the expert system would be possible. For instance it was part of the concept not to integrate the configurator with back-office systems or CAD drawings, but to keep it simple in order to get through with t he project. In order to be able to evaluate the concept, a prototype of the configurator was built in the standard configurator tool Sales+ (formerly BaaN, now Invensys CRM).
Nine months were spent analysing and building the prototype, from which the most important experience was the following: It seemed possible to generate a budget quote of an entire plant with certain limitations. The 20% of parts covering 80% of the costs were modelled, leaving the last 80% of parts covering only 20% of the costs to be estimated by simple calculations. Many errors were found in the existing documentation, slowing down the modelling process, but also indicating the need for better information management. Experience from the prototype made a solid proof-ofconcept. The proof-of-concept period was later extended to cover one year, targeting the real sales process. 6 T. Buch & C. Torbol (1998) . A project team was formed to define the input to the system e.g. by using modularisation to review the component scope. It was necessary to define the depth of the modularisation so that the later product analysis would be carried out at a certain acceptable level. Based on the analysis of the specification process and demands to the system, considerations about the future processes were made. Buch & Torbol (1998) .
The BaaN Sales Plus 7 configuration tool (used in the first proof-of-concept phase), Visio and Word were chosen as standard software.
Detailed Design Phase Product Analysis: Structuring and formalising knowledge about the products and related lifecycles. Tools: List of features and Product Variant Master.
An analysis of the products was carried out. Retrieving and structuring product related information when dealing with a complex product is a large and time-consuming task. Yu & Skovgaard (1998) divide configuration into two stages: product modelling and configuration. The modelling of a cement plant was furthermore divided into nine smaller parts, based on the existing structure of the process. Each of these areas was studied in order to map the rules and relations between the components. The work was done by using the workshop method -several meetings with cross functional/organisational employees. It was necessary to have management support to retrieve information from the specialists. The experts described the rules of each module concerning dimensioning and relations to other modules. The output of this phase w as mapped, following the procedure for the Product Family Master Plan by Mortensen (1999 Yu & Skovgaard, (1998) . The OOA model has almost the same structure as the Product Family Master Plan. A CRC-card (Class, Responsibility, and Collaboration) was produced for every module, describing classes, the behaviour of the classes, their responsibilities and their relationship to other classes. CRC modelling gives an effective, low-tech method for domain-experts, programmers and users to understand and document a product model as described by Hvam & Riis (1999) . The UML notation used is shown on fig 6. 
Design of the Product Model: Using Object Oriented Design (OOD).
When the system was built, the perspective changed from being domain oriented (what and which task?) to be implementation oriented (how?). Since a standard configuration tool was used, most of the design parameters were frozen.
Programming: Programming the system. The CRC-cards were used as a kind of paper model before the actual programming.
The main objectives of the configuration tool were to 7 : • Ensure configuration correctness -that is, 100 % accuracy on the valid configuration solutions;
• Develop an effective approach for handling configuration consistency; • Handle configuration constraints;
• Overcome the limitations of product knowledge maintainability; and • Support the whole development of a configuration application -that is, product modelling and configuration -without requiring programming skills. One single engineer carried out the programming with support from programming experts when integration to new modules was needed.
5. Implementation
The implementation was divided into to phases -a stand-alone implementation and a web-enabling implementation. Currently, only the first phase has been implemented. An " α" type was implemented in spring 1999. When testing the accuracy of the system, a need for a better modularisation occurred. A "β" version was implemented in September 1999. After further revisions the new "Configurator 2000" was introduced in December 1999. Representatives from the sales force tested the system. After the test it was necessary to train the remaining sales force in the use of the new configurator.
6. Operation
Maintenance of the configurator has been in focus since the early prototype. Through the whole process it has been essential to develop a system with easy maintenance. The responsibility for the product information is placed at the engineering functions. Domain-experts have been pointed out throughout the company who are to be responsible for each CRC-card. One person is in charge of collecting the information and implementing changes into the configurator. The "paper-model" is essential since it is the documentation of the entire system. A need for an electronic maintenance system has emerged.
The configurator is a living "organism" that needs to be updated with every change made to the product related information. The model will soon loose its value if it is not further developed and maintained. The object oriented structure and documentation (class diagrams, CRC cards etc.) of the product and product related model makes it considerably easier to maintain and develop. The maintenance task is described by Hvam et al. (2000 b) : "Application of product modelling introduces a new way of doing business. New tasks are introduced in the organisation. E.g. a salesman will have to use the product and product related models in order to configure a product, and a product designer will have to build up and maintain the information and rules describing the products. This calls for commitment and ongoing motivation from the top management. Besides this both users and model managers need education and training in using and maintaining the product and product related models".
7. Decommission
Earlier versions of product models are replaced when the actual model is updated. No other actions have yet been taken in the decommissioning phase.
Conclusion
The knowledge based system described in this paper showed a huge potential for configurators built to configure even complex products. T his project had a "keep it simple" headline even when dealing with complex products. Due to this it was necessary to limit the integration to other systems. But still the benefits were obvious: 1) Reduction in transition time from 5 -20 days to 1 -2 days for the generation of tenders; 2) Better quality of quotes; 3) Reduction of resources from 5 PW to 0,2 PW.
In the near future a generation of CAD drawings and detailed quotes are to be implemented. Furthermore a web-enabling of the system gives F. L. Smidth the possibility of a better global communication. The GERAM reference has been used here. The identification and concept phase ensures that many aspects are considered already when designing a solution. Maintenance can be simplified by the use of OOA. By the findings from this case project and other projects in Danish industry the procedure stated by Hvam et al. (2000a) for building product models has proved to be useful.
